The balance between many primary and secondary metabolites influences the response of plants to stress and also the effects that these plant responses will have on herbivores. Herbivore damage often affects the concentrations of available nitrogen and other important nutrients in foliage (7, 97). A major problem facing workers in this area is determining which of the many secondary plant chemicals and plant nutrients that change following damage or stress are responsible for the overall effects on herbivores. The range of induced changes is so great that it is impossible to investigate all these factors and difficult to determine rationally which are worthy of study.
In some instances, herbivores elicit plants to synthesize phytoalexins (1, 68, 100). Phytoalexins are low molecular-weight, antimicrobial compounds (63) usually present in plants at extremely low concentrations prior to infection. These can be synthesized de novo by plants following microbial infection, and effectiveness is determined by the speed and magnitude at which they are produced and accumulated (62). Limited evidence suggests that phytoalexins may be active against insects as well as plant pathogens (90, 95, 74, 32).
Physiological and Morphological Changes
The response of plants to herbivores can be more extensive than simply modifications of secondary metabolite concentrations. For example, spider mites cause widespread changes in the cytology, histology, and physiology of their host plants, including modifications of photosynthetic and transpirational rates, and they can inject substances that can act as plant growth regulators (reviewed by 59).
Herbivores can influence the morphology of their food plants by causing increases in the density of prickles, spines, and hairs (reviewed by 79), by causing the return to juvenile growth form (1 1), or by affecting the phenology of plant processes such as leaf abscission (106). Many herbivores are "specialists" on plant tissue of a particular physiological age, so that altering the synchrony between plant and insect could act to make the plant appear more resistant. All of these changes could have an influence on herbivores, or on the extent of further herbivory.
DYNAMICS OF PLANT CHANGE FOLLOWING HERBIVORE DAMAGE
Plants respond to herbivore damage over spatial scales ranging from single leaves to whole trees and over temporal scales ranging from minutes to evolutionary time. Most of the studies that point to induced resistance, assayed as a decrease in herbivore performance, have found that the response was systemic at least to other parts of the damaged shoot. However, one study measuring rapid increases in foliage phenols found that this chemical response was not systemic in birch trees (99). The spatial extent of the induced response may determine whether the response acts as a defense. A localized response may encourage herbivores to feed elsewhere on the same plant; damage to the plant will be spread but not reduced. Surprisingly, no study has explicitly mapped the spatial extent of induced resistance in all parts of the entire plant. 
INFLUENCE OF INDUCED RESPONSES ON HERBIVORES
Field studies on the effects of induced responses on herbivores have yielded extremely variable results among plants within a population, and among populations (reviewed in 26, 34). Much of this variation may be the result of differences in species, age, genotype, history, and environmental factors (17, 26, 48). Despite this variability, we can make preliminary generalizations about the timing and spatial extent of induced responses, and specificity of their effects on herbivores.
Timing of Induced Responses
The rate at which induced changes occur and the rate at which they are relaxed determines whether they affect particular herbivores. The critical distinction between rapid or short-term responses versus long-term responses is neither the rate at which the response occurs nor the rate of relaxation of the response. Rather, these rates must be compared to the relevant events of attack and resultant damage. Short-term responses occur during the attack such that the attacking individuals experience the consequences of the changes they induce. Long-term responses occur following the attack and have little effect on the attacking individuals but can influence herbivores that attempt to use the plant at later times. The effect of an induced response must be considered in terms of the life history and mobility of particular herbivores. The same plant response may affect only subsequent generations of short-lived herbivores such as spider mites, or it may affect the attacker in the case of a longer lived caterpillar. Less mobile herbivores, such as leaf miners, gall formers, and bark beetles are more likely to be affected by localized responses than are herbivores that constantly move.
The distinction between responses that influence the attacking organisms and those that influence only later challengers to the plant is important because, in theory, the consequences of these two effects should be quite different. Induced resistance effective against the organisms causing the response is more likely to reduce the local population of this herbivore species (37). Induced resistance activated only after the attacker has left works as a negative factor with a time delay and is much less likely to have a stabilizing effect (37, 73). However, increased instability caused by a delay in the induced response could still be accompanied by a reduction in mean herbivore density. Using simple models of induced resistance involving mobile nonselective herbivores with continuous generations, Edelstein-Keshet & Rausher (22) argued that increasing the rate at which plants respond or decreasing the rate of decay of the response make it more likely that induced resistance will affect an herbivore population.
Both common sense and mathematical theory suggest that the rates of induction and relaxation will influence the consequences on herbivores. Nonetheless, we know relatively little about these rates because the appropriate experiments are difficult, involving several treatments that must be subsampled at several different time intervals. Most of the studies that followed the time course of the induced response have found that the organism that causes the damage also suffers the consequences [caterpillars on birch trees Although the variation in response of trees to herbivore damage seems to make inducible changes in food quality an unlikely explanation for the cyclic population dynamics of forest Lepidoptera, we list in Table 2 further predictions of the hypothesis that can be tested. Observations on cyclic populations of tent caterpillars and other forest Lepidoptera do not support these predictions (77, 78). The importance of inducible changes in food plant quality to population dynamics of nonoutbreak species has not been studied. Table 2 Testable predictions arising from the hypothesis that population cycles of forest Lepidoptera are driven by deterioration in food plant quality following feeding damage from increasing numbers of herbivores. Species and populations of host trees must respond in a consistent manner to herbivore damage for the fluctuations of different populations of insects to remain in synchrony within a region.
1. Fecundity and survival of herbivores will be related to the history of attack on trees.
If the response of trees is density dependent, fecundity and survival of herbivores will decline with increasing density (level of attack) and deterioration in food quality.
3. Decreasing fecundity and survival of herbivores following damage to host plants will be translated into a decline in the population density.
4. Cropping of herbivore density to reduce damage will prolong the outbreak phase of the population. If, as ecologists, we wish to understand induced changes we should be prepared to devote ourselves to long-term and multidimensional studies. If we aim to understand the chemical mechanisms of induced resistance, we should consider all of the chemicals within a plant with potential activity against herbivores, rather than specializing on a particular subset that are easy to work with or are thought to be important. Certainly, we should seek experimental evidence that allows us to vary only one constituent, using artificial diets and isogenic lines, when available. This careful experimentation must be conducted for all of the plausible mechanisms. At the same time we should keep in mind that the effects we observe in these highly artificial experiments may be very different from effects experienced by herbivores dealing with the chemicals in plants, where interactions and synergisms are likely to be important. We have now learned that many plants change in response to herbivory and that no single mechanism will explain all of these diverse plant responses.
Introduction of herbivores to suitable foodplants in sites with
At the other extreme, we must extend our bioassay results to field experiments on natural populations of herbivores. Rather than asking whether induced responses can be shown to affect the performance or behavior of herbivores we should assess the relative importance of induced plant resistance compared to other ecological factors that may also affect the population dynamics of herbivores.
Induced responses should not be assumed to be defenses. Instead, we must observe whether they defend plants by comparing fitness of induced and uninduced plants in an environment that includes herbivores. Fitness will be most easily measured on small, short-lived plants which show evidence of induced responses following low levels of herbivore damage [e.g. cucurbits (96), wild tobacco (3), crucifers (93)]. It should be kept in mind that results with these systems may have little relevance to what is happening with trees. Even after an induced response is shown to provide resistance against a particular herbivore and to defend the plant against that herbivore, we should not conclude that it evolved in response to that herbivore. Plants are affected by many different selective pressures; thus, limiting our consideration to a single herbivore at one point in time is likely to be misleading.
The speed with which the study of induced changes in plant quality has progressed from the "simple understanding" phase to the "chaos of variation" phase and is now entering the "patterns of variation" phase is due both to initially stimulating ideas and to efforts of a large number of researchers. In the future we should concentrate our efforts toward (a) understanding the mechanisms of induced responses, (b) understanding the consequences of induced resistance on populations of herbivores, and (c) applying what we learn about induced resistance and defense to protecting agricultural crops (60, 55). Continued progress in each of these directions will be most rapid if we can maintain a broad perspective and consider a wide variety of nonexclusive hypotheses.
